63 Cu NMR measurements are reported for the Cu-rich phase of Cu 12+x Sb 4 S 13 (x 2) and compared to Cu 12 Sb 4 S 13 . We identify the NMR signatures of the phase segregation into Cu-poor (x ≈ 0) and Cu-rich (x 2) phases, with the metal-insulator transition observed in Cu 12 Sb 4 S 13 suppressed in the Cu-rich phase. Based on NMR T 1 and T 2 measurements, the results demonstrate Cu-ion hopping below room temperature with an activation energy of ∼150 meV for the Cu-rich phase, consistent with superionic behavior. The NMR results also demonstrate the effects of Cu-ion mobility in the Cu 12 Sb 4 S 13 phase, but with a larger activation barrier. We identify a small difference in NMR Knight shift for the metallic phase of Cu 12 Sb 4 S 13 , compared to the Cu-rich phase, and when compared to DFT calculations the results indicate a mix of hyperfine contributions to the metallic shift. 1 arXiv:1911.06923v1 [cond-mat.mtrl-sci] 16 Nov 2019 The necessity for new types of clean energy becomes more and more apparent due to the depletion of fossil resources and environmental degradation. Thermoelectric materials provide the simplest basis for collecting energy from wasted heat and reducing greenhouse emissions. Large scale production of thermoelectric materials calls for non-toxic and inexpensive compounds. However, most of the current thermoelectric materials are made of toxic, expensive and/or scarce elements. Compounds should also have high Seebeck coefficient and electric conductivity, combined with low thermal conductivity approaching glasslike lattice behavior, to achieve the highest efficiency as thermoelectric materials. Recently tetrahedrite, a natural mineral based on the Cu 12 Sb 4 S 13 composition, was found to exhibit high performance thermoelectric properties at midrange temperatures. 1-4 It includes nontoxic, earth-abundant elements that can be doped by transitional metals. Cu rattling in these compounds is known to be the main reason for their intrinsic low thermal conductivity. Rattling is speculated to be a geometrical trait of the planar coordination and existence of lone pair electrons. 5,6 The phase diagram of Cu 12+x Sb 4 S 13 compositions with 0 ≤ x ≤ 2 has been studied over a wide range of temperatures. Such samples will segregate into two tetrahedrite structural phases (Cu 12 Sb 4 S 13 and Cu 14 Sb 4 S 13 ) which converge to a single phase 7-9 at higher temperatures, driven by relatively mobile Cu ions. In Cu 12 Sb 4 S 13 , the Fermi level sits within the valence band making it metallic or heavily p-type, and a metal semiconductor phase transition occurs 10 at around 85 K, indicated by structural changes accompanied by an increase in resistivity 10 as well as a drop in magnetic susceptibility. 11 The extra coppers in Cu 14 Sb 4 S 13 are expected to fill unoccupied states and push the Fermi level to the band-gap, hence rendering the compound insulating. Recently, Yan et al. reported that adding 1.5 extra Cu per formula unit to Cu 12 Sb 4 S 13 enhances the efficiency up to ∼ 66%. In further band engineering, it was found that adding Se resulted in ∼ 64 % further enhancement in power factor. 12
Introduction
The conversion efficiency of a thermoelectric compound is defined by a dimensionless figure of merit ZT = P T /κ tot , where P = σS 2 is the power factor, σ is the electrical conductivity, S is the Seebeck coefficient, κ tot = κ L + κ e is the thermal conductivity. P is entangled to the electronic thermal conductivity (κ e ) and this makes it difficult to adjust ZT by changing carrier densities. Therefore, traditionally concentration has focused on reducing lattice thermal conductivity, κ L to enhance ZT . A new method was proposed in tetrahedrites to lower κ L by using spinodal decomposition 13 of the Cu-poor and Curich phases. This induces additional channels for phonon scattering and reduces the lattice thermal conductivity substantially. In addition, there are ongoing efforts to utilize Cu ion mobility in these and related Cu chalcogenides as an avenue for reducing thermal conductivity for thermoelectric applications, 14 as well as in other device applications, 15 although the impact of mobility on the stability of microfabricated devices is also a potential issue. Thus it is important to understand the kinetics and local structures involved in this segregation process.
In this work, we used NMR as a powerful local probe to study the physical features of copper rich Cu 12+x Sb 4 S 13 tetrahedrite. The NMR spectra and relaxation times demonstrate the presence of the Cu motion extending to low temperature, with particularly high mobility observed in the copper rich tetrahedrite. Spin-lattice relation measurements provide an estimation of the activation energy of these mobile ions.
Experiment

Sample preparation
Synthesis: polycrystalline samples of Cu 12 Sb 4 S 13 (Cu poor) and Cu 13.5 Sb 3.98 Sn 0.02 S 13 (Cu rich) tetrahedrite were obtained by melting stoichiometric amount of high purity (> 99.99%) elements (Cu, Sb, S) at 923 K for 12 h, and then cooling down to room temperature. The obtained samples were annealed at 723 K for a week. Finally, the obtained ingots were hand 
Measurement methods
NMR measurements were carried out using spin echo integration versus frequency and by assembling and superposing Fast Fourier Transformation (FFT) spectra at a sequence of frequencies. These measurements were executed in a magnetic field of 8.9 T at frequencies near 100 MHz, using a custom-made pulse spectrometer in a temperature range from 4.2 to 300 K. 63 Cu NMR chemical shifts were referenced to CuCl.
NMR spin-lattice relaxation time (T 1 ) measurements were obtained based on an inversion recovery sequence implementing a multi-exponential function for recovery of the central transition 18 . We follow the convention K = (f − f 0 )/f 0 for Knight shifts, with f 0 the standard reference frequency and positive shifts having paramagnetic sign. In the analysis, we used nuclear moment values (Q and γ) reported in Ref. 19 . Electric field gradients (EFGs) are given in terms of the standard parameters ν Q = 3eQVzz 2I(2I+1)h and η = (V xx − V yy )/V zz . The Cu-II position in Cu12 has a large quadrupole broadening 17 (ν Q ≈ 18 MHz), and is well out of range in these spectra, whereas Cu-I has a very small quadrupole broadening (ν Q ≤ 1 MHz). [20] [21] [22] Since Cu14 has essentially the same structure, with the addition of the interstitial site, we assume here that Cu-II for the Cu14 phase is also out of range here, and we analyze these spectra as representing Cu-I and Cu-III sites for the Cu14 phase as well as the Cu-I site for the Cu12 phase. Above the Cu12 MIT we find that the spectrum contains two main peaks. These are the central transitions (−1/2 1/2) for copper nuclei with I = 3/2. A broad peak is also observed to underlie these lines. Therefore, the spectra were fitted assuming three distinct sites.
In a previous NMR study 17 of Cu 12 Sb 4 S 13 , two peaks with ν Q ≈ 3.85 MHz and ν Q ≈ 7.59
MHz identified at room temperature were assigned to Cu-II and Cu-I respectively. However, a DFT calculation for the Cu 3 SbS 4 compound (see supplement) shows that Cu has ν Q ≈ 3.64
MHz and ν Q ≈ 6.59 MHz and we found a reflection due to small amount of this phase in the previous XRD results 17 which was not identified before. Therefore, we conclude the presence of Cu 3 SbS 4 in the previous sample explains the presence of the small peaks in room temperature. This phase is not found in the Cu14 sample, and also we tested a new Cu12 sample, with no room temperature signal which is in agreement with Matsui et al. 21 and
Kitagawa et al.. 22 Note that this does not affect the observed low-T rattling result 17 for the dominant Cu12 phase. In the present results, the spectral weights are significantly reduced above 150 K (Fig. 2) , both in the Cu12 and Cu14 phases, an effect of ionic hopping at these temperatures, as described below.
In the analysis of the Cu-rich sample, we fitted three Gaussian peaks to the spectra corresponding to the model identified above. Figure 3 shows the lineshapes with fitted peaks at three different temperatures. One of these peaks corresponds to the Cu12 minority phase, as can be seen from the superposed spectra shown in Fig. 2 . The position for this peak rises with decreasing temperature from about 600 to 1200 ppm, in good agreement with the observed shifts for this composition. 17, 21, 22 The remaining signal is assigned to the Cu14 main phase. At 4 K the broadening is such 17 that the three peak model doesn't converge since the Cu12 phase also exhibits broadening due to structure change in the insulating phase.
However, the general features, a shoulder at around 1200 ppm due to Cu12 and an additional peak near 900 ppm, can still be identified. These are plotted along with the fitted results in Fig. 4 .
As the temperature changes, the fitted peak near 900 ppm remains unchanged. We attribute this peak to the Cu-I site in the Cu14 majority phase; with Cu-I in the metallic phase of the Cu12 composition known to exhibit a negative Knight shift above the MST due to the core polarization mechanism, it is reasonable that this peak should have a more positive shift in the charge balanced Cu14 phase. Note also that the line-width for this peak, as well as the Cu-I peak for Cu12, are comparable to what was recently reported 21 for Cu12.
As anticipated, the results indicate that the phase transition is absent in the Cu14 phase. Meanwhile, the intensity of the much broader third fitted peak is such that it is assigned to Cu-III interstitial ions combined with Cu-I sites, as described below. The observed reduced NMR intensity for the Cu14 phase Cu-I line, and enhancement of the broad peak intensity, are in reasonable agreement with this scenario. Thus we assume that the broad peak is due to Cu-III interstitials combined with Cu-I sites directly affected by the Cu-III occupation, with the breadth due to random occupation of the latter sites.
Copper Motion
The temperature dependence of the Cu 14 Sb 4 S 13 spectra is further illustrated in figure 5 .
Whereas the integrated spectral areas scaled by temperature would normally be temperature independent if the spectral weight is conserved, the observed reduction in NMR signal can be attributed to slow Cu hopping. This is observed in all samples: the NMR echo signal is sharply reduced in the temperature range 100 to 160 K, with the onset of hopping observed For further confirmation of the dynamics of copper hopping, the spin-echo decay was measured by varying pulse separation, (t del ) in a standard spin-echo sequence, at the 900 ppm peak position for Cu-I in the Cu-rich Cu14 phase. We also made a similar measurements for the second, Cu12-domained sample. The data were fitted to
where T 2g and T 2e are the Gaussian and exponential T 2 decays, respectively. The ratio α helps to determine the relative significance of motion, since normally exponential decay is dominant when motion is important, while more nearly Gaussian decay occurs for static NMR line, controlled by the nuclear dipole-dipole or pseudo-dipolar couplings. 23 Figure 6 : Spin echo decay rate for Cu14 phase at different temperatures, with fits described in text.
to the faster increase in 1/T 2e for Cu 14. However, clearly Cu12 has a lower mobility as the majority phase, similar to what found as the minority phase in Cu14.
In analyzing the fitted T 2e for the Cu14 main phase, we assume an activated process with hopping time τ = τ 0 exp(∆E/k B T ), where ν 0 = 1/τ 0 is the attempt frequency and ∆E is the activation energy. Assuming each Cu-ion hop destroys the echo refocusing process for a Cu ion and its neighbors, T 2e will equal the mean hopping time. We fitted only the last few points where α is close to 1, so that T 2e properly reflects the motion. This yielded ∆E ≈ 116 meV. We also obtained a relatively large attempt time τ 0 ≈ 2.25 × 10 −8 s. The attempt time is significantly larger than expected for vibrational motions in solids, however this is a typical situation for NMR fitting for superionic conductors in the hopping regime, for reasons which are not entirely clear. 24, 25 This activation energy is consistent with the result obtained from T 1 measurements, described below. This helps to confirm the connection of kinetic processes to the disappearance of the NMR signal, rather than for example broadening or splitting of the NMR lines due to a symmetry breaking.
The nuclear dynamics can also be detected through the temperature dependence of the spin lattice relaxation time (T 1 ). 63 Cu 1/T 1 T for the Cu14, Cu-I site, is shown in figure 8 .
Faster relaxation behavior was reported in Matsui et al. 21 for a Cu12 sample although this is Figure 8 , shows results of fitting with ∆E =145 ± 30 meV due to hopping in the Cu14 sample which is also in agreement with the activation energy we derived from T 2 . Thus even though the temperature range is limited due to the disappearance of the spin echo due to hopping, for
Cu14 we obtain a consistent measure of the activated process involved here.
Discussion
The proposed Cu14 structure, 27 with two extra Cu on the interstitial sites refined from X-ray diffraction, provides a good model for the observed NMR amplitudes. In the original X-ray fitting report, it had also been proposed 27 that some Cu ions were on unknown sites not accounted for by the Cu-I, Cu-II and Cu-III sites. Here we see that the 3-site model does well in accounting for the NMR results.
It has also been proposed 28 that the occupation of Cu-I should be reduced to 0.67 in the Cu14 phase with a corresponding fraction of Cu ions promoted to interstitial sites. This is due to the small refined Cu-I-Cu-III distance 27 of 2.37 Å. We tested this occupation in the XRD refinement, however, the R w increased to 7.16 % with GOF= 2.38, Previous results 7 also point to Cu-I occupation close to 1, and as noted above, NMR is consistent with this picture. In the refined results of the table 1, bond length between Cu-I to Cu-III is 2.36 Å, which is a normal Cu-Cu bond length, 29,30 however, with considerable uncertainty. Thus, it is unclear whether the Cu-I−Cu-III distance is an anomalously short one.
In the NMR spectra, we observed two peaks at ∼ 600 and ∼ 900 ppm for temperatures above the MIT. Normally the contribution to the conduction electrons and holes to the NMR shift is a Knight shift (K). In an effective mass approximation, often appropriate for semiconductors, 31 it is found that in the metallic limit K ≈ n 1 3 , where n is the carrier density.
Thus, Cu14 (with balanced charge composition) is expected to have K much closer to zero, and thus we expect that K for the metallic phase of Cu12 is approximately equal to −300 ppm.
DFT calculations (provided in Supplementary Information) up to 500 meV. In CuI the extracted 38 activation energy is 640 meV but CuI has a firstorder phase transition to its superionic phase. Therefore, even though tetrahedrite has a first order transformation to its superionic phase, its Cu ions are nevertheless also quite mobile at low temperature. Thus, the results are in line with those of other materials, and the NMR activation results demonstrate that the behavior extends to low temperatures, with considerable Cu mobility apparent in both phases at room temperature and below.
Based on the activation energies we consider a simplified statistical approach to the hopping process in Cu14. Since the Cu-I is an immediate neighbor to the partially filled Cu-III sites, we assume hopping proceeds mainly through these two sites. We further assume that the Cu-I site is in the lower energy state and that the energy difference is equal to the observed hopping activation energy. The entropy is S = K B lnΩ, where Ω is the multiplicity of states. If n i is the number of Cu atoms on Cu-III interstitial sites per cell at T = 0 and
x is the number of Cu-I atoms promoted to Cu-III site, we obtain:
for a large number N of unit cells. Minimizing the Free energy leads to 7 show that the occupation in their sample drops from 0.92 at room temperature to 0.86 at 493 K, before at higher T the phases become mixed in a first-order transition. The agreement seems reasonable.
For Cu12 phase the composition corresponds to n i = 0. Assuming activation energy of 150 meV gives a room temperature Cu-I occupation 0.88 which is much smaller than the observed 1.00 occupation. This agrees with our observation that the Cu12 NMR line amplitude drops more slowly vs. T, indicating a larger activation energy. Assuming instead an activation energy of 280 meV for Cu12 leads to x = 0.06 at room temperature ( thus Cu-I occupation equal to 0.99), and x = 0.54 at 493 K ( occupation of 0.95). This agrees with our XRD refinement for Cu-I in the Cu12 phase and also the reported occupation dropping to 0.95 for this phase 7 at 493 K. Thus, the fitted activation energy results, along with an estimated larger energy for Cu12, are consistent with the reported site occupations, giving further confirmation to the analysis of the NMR results. For the Cu12 phase as noted above, the activation energy is larger by a factor on order of two, however this result is still in the range observed for other superionic conductors, and a significant amount of Cu-ion mobility is to be expected at high temperatures in both of these phases. This result should be important for device design and development.
Conclusions
In a set of Cu NMR measurements on Cu 12+x Sb 4 S 13 tetrahedrites, we identified the NMR signatures of the phase segregation into Cu-poor (x ≈ 0) and Cu-rich (x 2) phases. The temperature-independent lineshape for the Cu-rich phase indicates the suppression of the phase transition for this phase. Also by observation of the NMR line shapes, combined with analysis of T 2 and T 1 relaxation behavior, we obtain a measure of Cu-ion dynamics in these phases at low temperatures. We find that the Cu ions are particularly mobile in the Cu-rich phase, with a fitted activation energy of 145 meV for ion hopping. The x ≈ 0 phase exhibits a larger barrier for ionic motion, however in both phases we find that there is a significant rate of ionic motion at temperatures below room temperature.
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